Monophasic and biphasic TMS pulses and coil orientations produce different responses in terms of 35 motor output and sensory perception. Those differences have been attributed to the activation of 36 specific neural populations. However, up to date, direct evidence supporting this hypothesis is still 37 missing since studies were mostly based on indirect measures of cortical activation, i.e., motor evoked 38 potentials or phosphenes. Here, we investigated for the first time the impact of different coil 39 orientations and waveforms on a non-primary cortical area, namely the premotor cortex, by measuring 40 TMS evoked EEG potentials (TEPs). We aimed at determining whether TEPs produced by differently 41 oriented biphasic and monophasic TMS pulses diverge and whether these differences are underpinned 42 by the activation of specific neural populations. To do so, we applied TMS over the right premotor 43 cortex with monophasic or biphasic waveforms oriented perpendicularly (in the anterior-posterior 44 direction and vice-versa) or parallel (latero-medial or medio-laterally) to the target gyrus. EEG was 45 concurrently recorded from 60 electrodes. We analyzed TEPs at the level of EEG sensors and cortical 46 sources both in time and time-frequency domain. Biphasic pulses evoked larger early TEP 47 components, which reflect cortical excitability properties of the underlying cortex, in both parallel 48 directions when compared to the perpendicular conditions. Conversely, monophasic pulses, when 49 oriented perpendicularly to the stimulated gyrus, elicited a greater N100, which is a reliable TEP 50 component linked to GABAb-mediated inhibitory processes, than when parallel to the gyrus. Our 51 results provide direct evidence supporting the hypothesis that TMS pulse waveform and TMS coil 52 orientations affect which neural population is engaged. 
Magnetic Stimulation (TMS) on the cerebral cortex are still unknown (Triesch et al., 2015) . One 66 interesting methodological aspect concerns the differences in neurophysiological responses evoked 67 by monophasic and biphasic stimulation pulses. In the monophasic mode, a strong initial current flow 68 is followed by a smaller current in the opposite direction. The initial flow has a quick peak (about 50 69 μs after pulse onset) and effectively excites neurons, while the subsequent return current, which lasts 70 several hundreds of μs, does not elicit action potentials (Groppa et al., 2012) . The biphasic pulse, 71 instead, has a cosine waveform: an initial peak is followed by a reversal current and by another 72 subsequent peak. In this pulse configuration, each phase of the pulse induces an effective stimulation, 73 which spreads in the same or opposite direction as the initial one. In the biphasic mode, then, all pulse 74 phases are effective in stimulating the cortical nervous tissue but seem to involve different neuronal 75 populations (Groppa et al., 2012) , even if the second half cycle is more effective. 76
It has been reported that these two TMS pulse waveforms induce differential electrophysiological 77 outputs as measured by Motor Evoked Potentials (MEPs; e.g., Kammer between single monophasic and biphasic pulses over the motor cortex (M1) suggests that at a given 81 amplitude of the initial current, biphasic stimulation is more effective than the monophasic one in 82 eliciting MEPs (Kammer et al., 2001 ). For rTMS, the effect of the two pulse configurations seems to 83 be reversed. Reports, indeed, showed that the inhibition of M1 excitability exerted by monophasic 84 low-frequency rTMS (1HZ-rTMS) is more prolonged compared to the biphasic one (Sommer et al., 85 2002; Taylor & Loo, 2007) , especially when the current is oriented in the anterior-posterior direction 86 (Tings et al., 2005) . Conversely, monophasic posterior-anterior rTMS induces an increase of M1 87 premotor area. High-resolution (1x1x1 mm) structural magnetic resonance images (MRI) were 165 acquired for each participant using a 3 T Intera Philips body scanner (Philips Medical Systems, Best, 166 NL). TMS target was identified on individual MRIs using an integrated Navigated Brain Stimulation 167 (NBS) system (Nexstim™, Helsinki, Finland) which employs infrared-based frameless stereotaxy, to 168 map the position of the coil and the participant's head, within the reference space of the individual's 169 MRI space. The NBS system allowed to continuously monitor the position and orientation of the coil, 170 thus assuring precision and reproducibility of the stimulation across recordings. The importance of 171 using NBS with individualized MRIs rather than adjusting the coil angle and position according to 172 scalp landmarks is crucial to correctly target the desired cortical area, which may be differently 173 displaced in each subject (Sparing et al., 2010) . No individual functional MRI was acquired, thus the 174 functional specificity of the stimulation area could not be assessed. The NBS system estimated on-175 line the intensity (V/m) of the intracranial electric field induced by TMS at the stimulation hotspot, 176 accounting for the head and brain shape of each participant, and taking into consideration the distance 177 from scalp and coil position. Resting Motor Threshold, indeed, could have been a misleading measure 178 to calibrate stimulation intensity, since the cortical thickness and cortical reactivity may greatly vary 179 between M1 and the premotor cortex (e.g., see Kähkönen et al., 2005; Peterchev et al., 2012) . We 180 thus calibrated TMS intensity considering the estimated induced cortical electric field and checking, 181 in a short preliminary recording before each real session, whether an on-line response of at least ~ 2 182 µV could be evoked, by starting at an estimated intensity of the electrical induced field of 90 V/m. 183
Mean estimated electric field at the stimulation target for all condition are reported in Tab. 3.  184 Critically, mean estimated induced electric field did not differ between any of the stimulation 185 protocols (all ps>.14). The corresponding mean stimulation intensities, expressed as a percentage of 186 the maximal output of the stimulator, are reported in Tab. 4. Crucially, within monophasic and 187 biphasic conditions, mean stimulator output did not differ between the four different directions (all 188 ps>=.08). The coil was tangentially placed to the scalp, and adjusted for each participant to direct the 189 electric field parallel (L -M or M -L) or perpendicular (A -P or P -A) to the shape of the cortical 190 gyrus (See Fig.1 ). The stimulation direction is relative to the first and unique cycle of the monophasic 191 and the second, strongest cycle of the biphasic pulse. As in previous studies (Julkunen et al., 2008; 192 Mütanen et al. 
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EEG signal was continuously recorded using a TMS compatible 60-channels amplifier (Nexstim Ltd., 203 Helsinki, Finland), which prevents saturation using a proprietary sample-and-hold circuit which holds 204 the amplifier output constant from 100 μs pre to 2 ms post-TMS pulse (Virtanen et al., 1999) . Two 205 extra-electrodes placed over the forehead were used as ground. Eye movements were recorded using 206 two additional electrodes placed near the eyes to monitor ocular artefacts. As in previous studies, 207 during EEG recordings, participants wore earplugs and heard a continuous masking noise to cover 208 TMS coil discharge (Casarotto et The by-subject random slope was included as random factor. 269 The cluster-based analysis confirmed these observations. No significant differences were present for 299 any components between the two directions within parallel and perpendicular orientations. By 300 contrast, when comparing the two orientations, A -P stimulation resulted in a greater 100ms 301 component when delivering L -M (significant cluster from 80 to 130ms, p<.001) and M -L 302 monophasic TMS (significant cluster from 50 to 160ms, p<.001). Moreover, this latter comparison 303
showed that A -P stimulation triggered greater components in a significant early cluster between 170 304 and 240ms (p=.014) and an earlier one, between 20 and 40ms (p=.038). The topography of these 305 differences, centred around 100ms post TMS (Fig. 3) elicits greater TEPs components. The cluster-based analysis confirmed that by delivering biphasic 376 stimulation parallel to the gyrus, the earlier components resulted greater as compared to the 377 perpendicular one. In particular, the M -L direction triggered a greater component peaking around 378 15 ms post-TMS compared to both A -P (significant cluster from 10 to 20ms, p=.01) and P -A 379 conditions (significant cluster from 10 to 30 ms, p=.01). Moreover, the M -L component arising 380 around 40ms post-TMS was greater than the same component in the A -P condition (significant 381 cluster from 30 to 50ms, p=.04). The scalp distribution of the significant differences between M -L, 382 and P -A and A -P protocols show central frontal greater amplitude for the parallel compared to the 383 two perpendicular directions. Similarly, the L -M direction induced a greater early TEP component 384 than the perpendicular biphasic condition in both the A -P (significant cluster from 10 to 70 ms,p<.001) and P -A (significant cluster from 10 to 20 ms, p=.02; from 30 to 60 ms, p=.016) directions. 386 Also, these differences are distributed around frontocentral electrodes (See Fig. 7) . Moreover, L -M 387 condition elicited a greater late component when compared to the perpendicular P -A (significant 388 cluster from 180 to 210ms, p=.009) and parallel M -L (significant cluster from 150 to 180ms, p=.028) 389 protocols. This difference between the parallel orientations with biphasic pulses has a topography 390 encompassing frontal and parietal left electrodes, thus contralateral with respect to the TMS hotspot 391 (see Fig.7) . 392 393 394 In this study, we aimed at exploring possible differences in cortical responses elicited by applying 447 TMS over the premotor cortex with different coil orientations and pulse waveforms. To do so, we 448 measured, using an integrated TMS-EEG system, the cortical response evoked by monophasic and 449 biphasic TMS pulses applied with the TMS coil oriented perpendicular or parallel over the right 450 premotor cortex, following the A -P, P -A, M -L and L -M directions. Overall, TEPs recorded 451 after the biphasic stimulation had greater amplitude than the ones triggered by monophasic pulses. 452
Fig. 6: Butterfly plots and scalp topographies of TEPs grand average triggered by biphasic TMS. Top line shows results
for the L -M and M -L directions while bottom line shows results for the A -P and P -A directions.
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Fig. 7: Results of the cluster based analysis for the biphasic pulse waveform. Top line displays a superimposition of
rectified TEPs for the L -M and A -P (left) and M -L and A -P (right) conditions. Grey shaded areas represent time
Concerning differences due to coil orientation, an analysis of TEPs time-course showed that this 453 parameter modulated different EEG components, according to which waveform was applied. 454
Biphasic pulses oriented L -M and M -L, i.e., parallel to the stimulated premotor gyrus, evoked a 455 greater early component than A -P or P -A orientations, a difference which was recorded underneath 456 the stimulation site and that was even detectable at parietal sites. Source modelling confirmed this 457 observation, with parallel biphasic stimulation eliciting greater early cortical activity, with more 458 widespread signal scattering, when compared to the perpendicular directions. TEPs spectral features 459 are the typical time-frequency response evoked when stimulating the prefrontal cortex (e.g., baclofen, a GABAb receptor agonist, significantly enhanced N100 amplitude (Premoli et al., 2014) . 528
Crucially, Premoli and colleagues (2014) , showed that the intracortical inhibitory component linked 529
to GABAb receptors showed a topography encompassing cortical areas contralateral to the TMStarget. Similarly, we highlighted an increase in the 100ms component, which shows a scalp 531 distribution including the stimulation site and its contralateral counterpart, suggesting greater 532 recruitment of trans-callosal inhibitory connections running between homolog regions of the two 533 hemispheres. Monophasic pulse perpendicularly applied with respect to the stimulated cortical gyrus, 534 thus, seem to be the best-suited protocols to highlight, and possibly modulate, neurophysiological 535 processes relying on such connections. In this sense, our data fit well with rTMS findings which 536 report monophasic pulses as being more efficient in inducing inhibitory after-effects following low-537 frequency rTMS protocols (Sommer et al., 2002; Taylor & Loo, 2007) , especially with the A -P pulse 538 direction (Tings et al., 2005) . 539
Finally, it has to be noted that by using the TMS-EEG approach we were able to reveal 540 neurophysiological differences in stimulation protocols which up to now were derived from indirect 541 
